Introduction {#sec1-1}
============

Acute stroke is one of the major causes of death and disabilities. However, to date the only approved drug tissue plasminogen activator (tPA) represents a thrombolytic and nonneuroprotective approach and also increases the incidence of hemorrhagic transformation.\[[@ref1]\] Experimental studies show that neuroprotective agents used in conjunction with tPA increase safety and efficacy of thrombolytic therapy in experimental stroke.\[[@ref2][@ref3][@ref4]\] One of the strategies is based on erythropoietin (EPO). Exogenously administered EPO has been reported to exhibit neuroprotective effects in animal models, through the anti-apoptotic, anti-oxidant, and anti-inflammatory effects as well as through the stimulation of angiogenic and neurogenic events.\[[@ref5][@ref6][@ref7]\] The first clinical trial (phase I/II) 'Gottingen EPO Stroke Study' using recombinant human EPO (rhEPO) published in 2002 showed that 3-days treatment of rhEPO was safe and effective in acute ischemic stroke patients.\[[@ref8]\] However, the contradictory information emerged from the 'German Multicenter EPO Stroke Trial' in 2009, which indicated that there were limited benefits in clinical outcomes following EPO treatment, especially that the combination of rtPA and EPO was associated with increased risk of serious complications including death, bleeding, edema, and thromboembolic events.\[[@ref9]\] A study in rats showed that the administration of a combination tPA and EPO early after stroke (2 h) is neuroprotective, however, exacerbates hemorrhagic transformation and negates any benefit of EPO therapy outside the therapeutic window (6 h).\[[@ref10]\] Another investigation in mice reported that combined treatment with tPA and EPO after 90 min of intraluminal MCAO facilitates extracellular matrix breakdown therefore increasing brain swelling.\[[@ref11]\] The combination treatment-induced serious complications might be avoided through mending the dosage and route of EPO administration following stroke.

Because of the low brain-blood barrier (BBB) permeability of systematic administration of EPO, the effective dose of EPO treatment for stroke in humans (70 kg body weight, 33,000 U daily) is much higher than that of clinical treatment of chronic kidney disease or patients with anemia (70 kg body weight, 1,050-3,500 U daily). Some clinical studies have shown that the concentration of EPO when it reaches 50-150 U/kg (70 kg body weight, 3,500-10,500 U daily) can significantly increase the risk of thrombosis and cerebral injury,\[[@ref9][@ref12][@ref13][@ref14]\] which severely limited the clinical application in cerebral infarction. It is remarkable to note that the administration of high-doses EPO may be one of the main reasons for serious side effects of its combination with tPA. To solve the above problems, one potential way is to reorganize the molecular structure of EPO, that will not increase the formation of red blood cells, and preserves a wide range of neuroprotective effects,\[[@ref15][@ref16]\] but the side effects and the feasibility of clinical application need further study. Another possible solution is to change the route of administration. It has been reported previously that EPO could efficiently bypass the BBB by intranasal delivery,\[[@ref17]\] however it is difficult to be applied in clinical treatment. In our previous study, low-dose EPO treatment via middle cerebral artery infusion was showed to be neuroprotective against focal cerebral ischemia-reperfusion injury in rats.\[[@ref18]\] The present study was designed to test whether local intra-arterial infusion of low-dose EPO at 800 U/kg in combination with tPA through middle cerebral artery could protect against ischemic stroke.

Materials and Methods {#sec1-2}
=====================

Animal {#sec2-1}
------

Male Sprague--Dawley (SD) rats (280 ± 30 g) were purchased from Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China). All experimental protocols in this study were in accordance with the principles outlined in the *NIH Guide for the Care and Use of Laboratory Animals*.

Animal grouping {#sec2-2}
---------------

A total of sixty adult male Sprague--Dawley rats were randomly divided into five groups (*N* = 12), including sham, vehicle, EPO, tPA, and EPO+tPA groups, as follows:

sham group, the rats underwent the same procedure as other groups without insertion of a nylon filament;vehicle group, following MCAO rats were administrated saline through MCAI at the beginning of reperfusion;EPO group, following MCAO rats were treated with low-dose rhEPO (800 U/kg) via middle cerebral artery infusion (MCAI) at the beginning of reperfusion;tPA group, following MCAO rats were administrated the tPA (10 mg/kg) through tail vein at the beginning of reperfusion;tPA+EPO group: Rats were subjected to MCAO and administrated 800 U/kg EPO plus 10 mg/kg tPA at the beginning of reperfusion.

A PE-50 catheter was used for middle cerebral artery infusion, which was modified to a filament with a 0.2-mm outer diameter and a 0.1-mm inner diameter. The catheter was inserted into the right external carotid artery immediately after the nylon suture was just withdrawn, then passed into the intracranial circulation and lodged in the MCA origin. EPO (400 μL) or tPA (400 μL) or saline (400 μL) were injected at a constant rate of 100 uL/min with a microinfusion pump.

Twelve animals were enrolled in each group; all rats except sham evaluated the neurological function, among which three for 2,3,5-triphenyl-tetrazolium chloride (TTC) staining to evaluate the brain infarction volume and edema volume, three for immunofluorescence and TUNEL staining and six for Western blot assessments.

Model of focal cerebral ischemia {#sec2-3}
--------------------------------

The rats were housed in laboratory cages and maintained on a 12 h light--dark cycle, with free access to food and water throughout the period of study. Focal cerebral ischemia was induced by transient occlusion of middle cerebral artery, as previously described.\[[@ref19]\] Briefly, rats were anaesthetized with enflurane. After a median neck incision, the right common and external carotid arteries were exposed. A nylon filament was inserted through the puncture of the external carotid artery and gently advanced along the internal carotid artery. The thread was removed 2 h after ischemia allowing reperfusion. To confirm the proper occlusion, the local cerebral blood flow in the area supplied by the middle cerebral artery was observed by transcranial laser Doppler (LDF, PeriFlux System 5000; Perimed, Sweden). Body temperature was monitored continuously with a rectal probe and maintained at 37.0 ± 0.5°C using a heating lamp during the surgery and MCAO.

Evaluation of neurological deficits {#sec2-4}
-----------------------------------

Neurological deficits were assessed at 24 h after reperfusion using the methods of Ludmila Belayev and forelimb placing tests.\[[@ref18][@ref20]\] The behavioral tests were performed by a blinded observer. For the Ludmila Belayev score, the neurological function was graded on a scale of 0-12, with 0 representing normal function and 12 representing maximum neurological deficits. For the foot-fault tests, rats were placed on and traversed along a platform with 9 × 9 cm^2^ grids. The number of contralateral forelimb foot faults made per meter within 1 min was calculated, high scores represents more neurological function deficits.

Determination of infarct size and brain edema {#sec2-5}
---------------------------------------------

Rats were intracardially perfused with cold phosphate-buffered saline (PBS, pH 7.4) under deep anesthesia at 24 h after MCAO. Following decapitation, brains were quickly removed and cut into six 2-mm-thick sections. The sections were stained with 1.5% 2,3,5-TTC at 37°C for 10 min and then fixed in 4% paraformaldehyde for 24 h. Infraction and edema volume were expressed as a percentage of the contralateral area for each section that outlined with Image-J ProPlus Analysis Software (Media Cybernetics, USA). The extent of infarct volume was calculated by the following formula: (volume of contralateral hemisphere--volume of nonlesioned ipsilateral hemisphere)/volume of contralateral hemisphere.\[[@ref21]\] The extent of edema was calculated using the following equation: (volume of ipsilateral hemisphere -- volume of contralateral hemisphere)/volume of contralateral hemisphere.\[[@ref22]\]

Immunofluorescence staining and terminal deoxyribonucleotide transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) {#sec2-6}
----------------------------------------------------------------------------------------------------------------------

Rats were deeply anesthetized, perfused with cold PBS and 4% paraformaldehyde. The brain were postfixed in 4% paraformaldehyde for 24 h, and then immersed in 30% sucrose solution in PBS for 24 h. The coronal brain sections of 10 μm thick were cut using a cryostat vibratome (Ultapro 5000, USA) at --25°C. The serial frozen sections were used for immunofluorescence staining to detect the expression of anti-Claudin-5 (1:500, Invitrogen, USA) and anti-Occludin (1:500, Invitrogen, USA). Briefly, the frozen sections were fixed in acetone at --4°C for 20 min. Then the sections were blocked in 0.3% bovine serum albumin (Sigma-Aldrich, USA) in PBS at room temperature for 1 h, and incubated with primary antibodies against Claudin-5 and Occludin (Invitrogen, USA) diluted 1:100 in PBS overnight at 4°C. Following three washes in PBS, the sections were incubated with fluorescent-conjugated secondary antibodies. Negative controls were performed using PBS to replace primary antibodies. To identify the apoptosis induced by I/R injury, tissue sections were stained using the TUNEL assay kit (Roche, Germany) according to the manufacturer\'s instructions. After labeling, all sections were counterstained with 4¢,6-diaminido-2-phenylidole (DAPI) and cover-slipped. Fluorescent images were acquired using an Olympus Fluoview FV1000 microscope with FV10-ASW 2.0 software (Olympus, USA).

Isolation of brain microvessels {#sec2-7}
-------------------------------

Cerebral microvessels were isolated from rat cortex in the ischemic region based on a previously described method.\[[@ref23]\] Briefly, the rats were intracardially perfused with 0.1 M PBS under deep anesthesia, and brains were removed and homogenized with a Dounce homogenizer (Kimble Chase, USA) at 4°C. Tissue fragments were filtrated through a 40-μm nylon mesh (Spectrum, USA), the microvessels retained on the mesh were suspended in PBS and centrifuged for 10 min at 3,500 *g*. Then the precipitation was suspended in 10% and 15% dextran T-500, the microvessels were collected after centrifuged for 10 min at 25,000*g*.

Western blot analysis {#sec2-8}
---------------------

The rats were killed and the brains were removed immediately under deep anesthesia. The tissues were homogenized in lysis buffer with further sonication and centrifugation at 12,000 g for 30 min. Western blot was carried out as previously described.\[[@ref24]\] The following antibodies were used in the present study: Anti-AQP4 (1:1000, Abcam, USA), anti-Claudin-5 (1:500, Invitrogen, USA), anti-Occludin (1:500, Invitrogen, USA). Following washes in Tris-buffer saline Tween-20 (TBST), the membranes were incubated with secondary antibodies (1:5000, Abgent, USA) for 30 min at room temperature. Immunoblots were then probed with an ECL kit (Millipore, USA) and visualized with a computerized image analysis system (Fluro Chen 2.0). IDV were calculated with the software Quantity One and normalized to β-actin (1:1000, Santa, USA).

Statistical analysis {#sec2-9}
--------------------

All data are presented as mean ± standard error of the mean (SEM). Difference between two groups was statistically analyzed using one-way ANOVA analysis, followed by the Tukey *post-hoc* test analysis. *P* ≤ 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Treatment with EPO plus tPA attenuates neurological deficits following cerebral I/R injury {#sec2-10}
------------------------------------------------------------------------------------------

Neurological deficits was evaluated using the Ludmila Belayev and forelimb placing tests, the results are showed in Figure [1a](#F1){ref-type="fig"} and [b](#F1){ref-type="fig"}. Treatment with EPO alone and EPO plus tPA markedly attenuated the neurological deficits compared to vehicle group (*P* \< 0.05). Treatment with tPA alone did not show effect, whereas tPA combination with EPO treatment improved neurological function 24 h after cerebral reperfusion (*P* \< 0.05).

![Treatment with EPO plus tPA attenuates neurological deficits following 2 h ischemia and 24 h reperfusion in rats. (a) The neurological function evaluated by Ludmila Belayev test; (b) forelimb placing\'s neurological scores at 24 h. N = 12. Data are expressed as means ± SEM. \*P \< 0.05 versus vehicle group; ^†^P \< 0.05 versus tPA group](BC-2-54-g001){#F1}

Treatment with EPO plus tPA reduces brain infarction and edema following cerebral I/R injury {#sec2-11}
--------------------------------------------------------------------------------------------

Treatment with EPO plus tPA reduced cerebral I/R injury was assessed in terms of infarction volume and brain edema, the results are showed in [Figure 2](#F2){ref-type="fig"}. The brain infarction and edema volume were determined by TTC staining. The results indicated that EPO and EPO plus tPA treatment significantly reduced brain infarction and edema volume compared to vehicle group (*P* \< 0.05). Importantly, tPA alone treatment had no effect on brain infarction and edema after I/R, while compared with the tPA group, EPO plus the tPA attenuated the infarction, and edema (*P* \< 0.05), similar as the EPO group.

![Treatment with EPO plus tPA reduces brain infarction and brain edema following 2 h ischemia and 24 h reperfusion in rats. (a) Representative coronal sections stained by 2,3,5TTC; (b and c) the schematic diagram of brain infarction, brain edema in different groups. N = 3. Data are expressed as means ± SEM. \*P \< 0.05 versus vehicle group; ^†^P \< 0.05 versus tPA group](BC-2-54-g002){#F2}

Treatment with EPO plus tPA attenuates the number of apoptotic cells in periinfarct region following cerebral I/R injury {#sec2-12}
------------------------------------------------------------------------------------------------------------------------

After the rats were subjected to 2 h ischemia and 24 h reperfusion, we detected the apoptotic cells of periinfarct region using TUNEL staining in different groups \[[Figure 3a](#F3){ref-type="fig"}\]. The number of apoptotic cells was counted, and the mean value was calculated \[[Figure 3b](#F3){ref-type="fig"}\]. TUNEL staining indicated that the cells in the periinfarct region of rats with I/R showed obvious apoptotic cells, and the occurrence of apoptosis was ameliorated by the EPO and EPO plus tPA treatments after cerebral ischemia (*P* \< 0.05), whereas treatment with tPA alone did not show anti-apoptosis effect. The trend of cell apoptosis in different groups was consistent with cerebral infarction volume.

![Treatment with EPO plus tPA attenuates the number of apoptotic cells in periinfarct region after I/R injury. Brain tissues were processed for TUNEL. (A-O) The levels of TUNEL-positive cells (red) merged with DAPI (blue) in different groups were showed in the figures. (P) The schematic diagram of numbers of TUNEL-positive cells in different groups. N = 3. Data are expressed as means ± SEM. \*P \< 0.05 versus sham group; ^†^P \< 0.05 versus vehicle group; ^‡^P \< 0.05 versus tPA group](BC-2-54-g003){#F3}

Treatment with EPO plus tPA reduces AQP4 expression following I/R injury {#sec2-13}
------------------------------------------------------------------------

To gain insights into the mechanism for the beneficial role of EPO in cerebral I/R injury, we first assessed the expression of AQP4 by western blot \[[Figure 4](#F4){ref-type="fig"}\]. The result showed a significant increase in AQP4 expression in both the vehicle and tPA monotherapy groups at 24 h after I/R injury (*P* \< 0.05), as compared with sham group. Noticeably, EPO plus tPA or EPO alone treatments attenuated cerebral I/R-enhanced AQP4 expression (*P* \< 0.05), which may contribute to its role in reducing brain edema. In addition, compared with the tPA group, EPO plus tPA reduced the expression of AQP4 following 2 h cerebral ischemia and 24 h reperfusion (*P* \< 0.05).

![Treatment with EPO plus tPA prevents the upregulation of AQP4 in cerebral tissue induced by I/R injury. Rats were subjected to 2 h ischemia and 24 h reperfusion, and ischemic cerebral tissues were collected for western blot. The protein levels of AQP4 in different groups. β-actin served as a loading control. N = 6. Data are expressed as means ± SEM. \*P \< 0.05 versus sham group; ^†^P \< 0.05 versus vehicle group; ^‡^P \< 0.05 versus tPA group](BC-2-54-g004){#F4}

Treatment with EPO plus tPA prevents tight junction proteins in brain microvessels from decrease after I/R {#sec2-14}
----------------------------------------------------------------------------------------------------------

BBB disruption-induced brain edema is reported as an important adverse effect of EPO combined with tPA after ischemia. To examine whether the present strategy of cotreatment with EPO and tPA influences the BBB after ischemia-reperfusion, the expression and distribution of tight junction proteins Claudin-5 and Occludin in brain microvessels were determined by immunofluorescence staining and western blot. The immunofluorescence staining demonstrated that the expression of Claudin-5 and Occludin in endothelial cells markedly declined in vehicle and tPA groups, implying a significant disruption of the vascular endothelium, whereas the EPO alone or combination treatment of EPO and tPA prevented the decrease of Claudin-5 and Occludin after I/R \[[Figure 5a](#F5){ref-type="fig"}--[j](#F5){ref-type="fig"}\]. Consistent with immunofluorescence staining, the western blot indicated that vehicle and tPA groups demonstrated a markedly decrease of Claudin-5 and Occludin in isolated microvessels compared with sham operated animal \[Figure [5k](#F5){ref-type="fig"} and [l](#F5){ref-type="fig"}, *P* \< 0.05\]. EPO alone or in combination with tPA significantly prevented the decrease of Claudin-5 and Occludin (*P* \< 0.05), whereas tPA alone did not show effect.

![Treatment with EPO plus tPA prevents the downregulation of Claudin-5 and Occludin in brain microvessels after I/R injury. The immunofluorescence staining of Claudin-5 (a-e) and Occludin (f-j) in periinfarct cortex (red), nuclear staining with DAPI (blue). Arrows indicate immunofluorescence staining positive portion of microvessels. N = 3. Scale bar = 50 μm. The level of tight junction protein Claudin-5 (K) and Occludin (L) in brain vessels detected by western blot. β-actin served as a loading control. N = 4. Data are expressed as means ± SEM. \*P \< 0.05 versus sham group; ^†^P \< 0.05 versus vehicle group; ^‡^P \< 0.05 versus tPA group](BC-2-54-g005){#F5}

Discussion and Conclusion {#sec1-4}
=========================

Controversy exists so far regarding the efficacy of combination treatment of EPO and tPA for ischemic stroke. It is noteworthy that, in the "German Multicenter EPO Stroke Trial," some patients in EPO-treated but non-rtPA-treated groups showed beneficial effects similar to those observed in the first clinical trial "Gottingen EPO Stroke Study." Such discrepancies between the two studies may result from potential risks in EPO and tPA interaction not found in previously preclinical experiments. In our previously studies,\[[@ref18][@ref25]\] the optimized the dosage and route of administration for EPO (low dose EPO treatment via MCA infusion) has been reported, the neuroprotective effects of EPO against cerebral I/R injury, such as reduced the neurological deficits, brain infarction and BBB disruption were confirmed in the present study. Importantly, we pay more attention to the efficacy of combination treatment of EPO and tPA for ischemic stroke in the present study. Interestingly, consistent with EPO alone treatment, the combination treatment with low-dose EPO (800 U/kg) and tPA through MCAI at the onset of reperfusion not only decreased brain edema, but also reduced BBB disruption following 2 h ischemia and 24 h reperfusion in rats. Because the dosage of EPO used in this study was much lower than that commonly used in prior studies (2,500-5,000 U/kg), the finding in this study may provide an effective and safe strategy for cerebral ischemia--reperfusion injury.

Brain edema can be vasogenic and/or cellular in origin. The edema that develops after ischemia and trauma is primarily of cellular origin, and astroglial cells possess the predominant water channel AQP4 in the mammalian brain. Several lines of evidence suggest that water influx via AQP4 contributes to inappropriate water uptake,\[[@ref26][@ref27]\] resulting in cell swelling. *In vitro* and *in vivo* study demonstrated that EPO treatment significantly reduces the hypoxia-ischemia-induced neural swelling and upregulation of AQP4.\[[@ref28][@ref29]\] Consistent with these results, the present study showed the potential of EPO to attenuate the upregulation of AQP4 in brain tissue after I/R, which may account for, at least partly, the effect of EPO on brain edema. On the other hand, BBB disruption brings about vasogenic brain edema. BBB is consisted of endothelial cells a basal lamina. Tight junction between endothelial cells is believed to play a critical role in maintaining BBB integrity, while MMP9 is known to contribute to the BBB disruption via degradation of basal lamina. The present study showed that EPO, either alone or in combination with tPA, is able to attenuate I/R-elicited downregulation of tight junction proteins Claudin-5 and Occludin, highly suggesting the protective role of EPO in BBB disruption. This result is in disagreement with a previous clinical trial\[[@ref9]\] and a study in mice\[[@ref11]\] showing that exacerbating BBB disruption and brain edema is a main side effect of EPO in combination with tPA after brain ischemia, but is in keeping with a study by Jia *et al*. in rats.\[[@ref10]\] This controversy may arise due to the difference in time, dosage, and route of administration. In addition, the species of animals used in different studies may also affect the outcomes. Nonetheless, much works remain to be done before the translation of the results to the clinic.

In summary, the administration of low-dose EPO in combination with tPA through MCA infusion at the onset of reperfusion enhanced its neuroprotective effect, which may be correlated with the potential of EPO to antagonize the brain edema and BBB disruption. This result suggests the mode of EPO in combination with tPA administration reported in this study could be useful for establishing new therapeutic strategy for patients with acute ischemic stroke.
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